In the field of polymer nanocomposite materials, carbon nanotubes have attracted lots of research interests in the recent past for their potentialities in improving a wide range of polymer properties. We present here a comprehensive study on polypropylene/carbon nanotube composites evaluating the morphology as well as the thermal behaviour of the prepared systems. Pristine as well as -COOH functionalised carbon nanotubes were taken into account and melt mixed at different weight fractions with PP; the crystallisation characteristics of the material were evaluated by means of DSC and XRD and the thermal behaviour was assessed through TGA analyses. The nanotubes appear to affect significantly the properties of the matrix in a way notably dependent on the functionalization and on the filler amount.
Introduction
Since their first discovery by Ijima in 1991 [1] , carbon nanotubes have attracted great attention for their unique properties both as pristine material as well as added to polymer matrices to form nanocomposites.
Regarding the latter aspect, the most widely explored studies have been carried out to prove their efficiency in influencing the mechanical and electrical properties of a variety of polymer matrices [2, 3] .
A few studies have been published so far about processing and properties of polyolefin based composites. With this respect, significant advantages can be found for dispersing nanotubes, as compared to clays or silica, thanks to their organophilic nature which should make the use of modifiers or compatibilisers unnecessary.
A comprehensive study was developed by Kashiwagi et al., particularly oriented towards thermal and fire behaviour [4, 5] , in which the flame retardant activity of multi wall carbon nanotubes (MWNT) was mainly ascribed to chemical/physical actions played in the condensed phase during combustion.
Other research groups evaluated the effect of adding graphitic mono dimensional structures in polypropylene; this is the case of Lozano et al. [6, 7] who investigated the changes in the thermal, mechanical, rheological and electrical properties of PP/vapour grown carbon nanofibres composites. Kumar et al. [8] prepared spin fibres from PP/vapour grown carbon nanofibres and investigated mostly their mechanical properties. As far as MWNT are concerned, Seo et al. investigated the electrical, rheological and thermal behaviour of PP based composites [9, 10] .
A very critical issue when processing nanotube based nanocomposites is the achievement of a uniform dispersion within the polymer matrix and an improved nanotube/matrix adhesion. This is mainly due to the difficult disentanglement of the nanotubes aggregates; the problem can be solved either by tuning the processing conditions or through nanotube functionalization in order to increase the compatibility with the polymer matrix and eventually to promote grafting. This procedure has been mainly used for epoxy systems [11, 12, 13] but a very recent publication addresses the preparation of alkyl functionalized MWNT and further dispersion in PP [14] .
In this work we have evaluated the influence of carbon nanotubes on PP properties. In particular the thermal properties were taken into account, as nanotubes, having dimensions in the range of polymer macromolecules can alter the physical chemical properties of the matrices in a significant way, making therefore important the understanding of the thermal behaviour of the polymer when nanotubes are added. Also the influence of nanotube surface carboxyl functionality on the final material properties was studied.
Results and discussion

Morphology
SEM observations (Figure 1-Figure 4 ) were used to assess a trend in the composite morphologies for 1% composites. Similar conclusions can be drawn for the 3 wt% composites. In the DWNT containing sample (Figure 1 ), different morphologies were found: areas presenting a "spider web" organisation of DWNT only partially embedded in the polymer matrix (a) beside areas in which single nanotubes could be observed emerging from the matrix (circled in Figure 1b) .
MWNT, on the other hand, appear to be less easily dispersible than DWNT; indeed, as shown in the circle of Figure 2 (a), residual macroscopic aggregates of MWNT pristine powder surrounded by the pure polymer matrix can be observed, which were not detected in the DWNT containing sample.
Nevertheless, areas in which nanotubes are fully embedded in the polymer matrix can be observed also in this case (Figure 2(b) ).
It is therefore apparent that the composite morphology depends on the type of CNT with DWNT being more easily processable, most likely due to an easier breakage of the DWNT entanglements in the used processing conditions. The carboxylic acid functionality decreases the compatibility of CNT with the polymer (Figures 3 and 4 ) especially in the case of DWNT: dispersion is worsened with respect to pristine nanotubes although single nanotubes emerging from the matrix can be occasionally observed (Figure 3 (b) ). Figure 5 reports the XRD spectra of blank PP and DWNT/DWNT-COOH, MWNT/MWNT-COOH containing composites. Blank PP shows the typical XRD diffractogram of the monoclinic α phase of iPP (together with a low intensity signal at 16°2θ related to the (300) reflection of PP β form whose formation could be induced by the stabilizing agent present in the commercial PP [16] ). Only the most intense reflection peak of pristine CNT is visible in the composites at 2θ ca. 25.4 which corresponds to the graphitic-like (002) reflection typical of CNT, independent of CNT dispersion in PP. The PP matrix in the composites crystallizes with the same phase of the pristine polymer but with a strong (040) preferential orientation. The significant variation of the intensity ratio between XRD (110) and (040) reflection is probably due to a preferential growth of PP crystallites well ordered along the b direction. Furthermore the weak β form reflection is no longer detectable in the composites.
The induction of a preferential orientation in the chain growth of PP was already reported in the literature for other fillers.
Radhakrishnan et al. [17] reported on the relationship between the thermal conductivity of different types of fillers (silica, glass fibre, mica, talc, etc.) on the preferential orientation of the PP chains.
Ferrage et al. [16] observed the same preferential orientation induced by talc and correlated it to particle dimensions; a secondary noticeable effect reported in the paper was the increase of the crystallization temperature evidencing a linear correlation between the (110)/(040) ratio, the crystallization temperature and the particle dimensions: smaller particles were found to induce a higher (040) orientation and to promote PP nucleation.
A preferential PP orientation was found also by Wang et al. in PP/atapulgite systems [18] .
We can therefore conclude that a strong interaction is established between the PP macromolecules and the nanotubes as they can strongly influence the crystallization behaviour of the matrix. We will see in the following that this factor reflects also on the kinetics of the crystallization process. 
Thermal behaviour
In order to assess the influence of the nanotubes on PP crystallisation, DSC analyses were performed. Figure 6 and Table 1 show that the crystallization temperature is increased by 11 to 18 °C in the composites as compared to PP, depending on the type and concentration of CNT, and a notable increase of X c can be observed for 3 wt.% loaded materials. The ability of fillers to increase PP crystallization temperature is known for talc [16] and for nanoclays [19, 20] and is generally attributed to the particle dimensions and dispersion degree. As far as carbon nano fibres are concerned, Lozano et al. [6] observed an increase in T c and in X c by increasing the carbon nanofibres content in a PP matrix up to a limiting value. SWNT were also proven to nucleate the crystallization of iPP [21, 22, 23] and this aspect was also evidenced in the case of MWNT [10, 14] . At 1% loading a similar increase in T c is found (11-14 °C) independent of type of CNT (Table 1 ) whereas, at 3% loading only DWNT give a sensible further increase of T c (+18.5 °C); we can conclude that the highest number of crystallization nuclei is induced by DWNT either functionalized or not and that, in general, functionalization of CNT slightly decreases the observed nucleation effect.
The degree of crystallinity (X c ) is generally increased by nanotubes, the highest crystalline phase content being induced by 3% DWNT loading (72%).
The influence of the cooling rate on T c was investigated on the DWNT loaded samples, which were found to be the best nucleating agents. The analysis was made by performing a DSC heating scan at 10°C/min up to 250°C, followed by an annealing process for 10 minutes to erase the thermal history and finally by cooling at 2.5, 5 and 10°C/min.
The results of Table 2 show that, irrespective of the cooling rate, the highest nucleation effect is found loading DWNT at 1wt.% (ca. The tendency of CNTs to nucleate PP crystallization can be ascribed to their thermal conductivity, which distributes the heat capillary in the sample fastening the cooling and making crystallization easier. On the other hand, the induction of a preferential orientation on PP chains could be also involved in this process, as a relationship can be established between crystallization temperature and (110)/(040) ratio [16] . The influence of CNT on the thermal degradation behaviour of PP was explored by means of TGA performed in inert and oxidising atmospheres; results are shown in Figure 7 - Figure 9 .
PP thermally degrades in nitrogen to volatile products in a single step through a radical chain process [24] with T 5% at 396 °C and T max at 448 °C.
From Figure 7 (a) and Table 3 it is clear that pristine nanotubes in nitrogen increase both T 5% and T max : a linear trend can be assessed for both values by increasing the CNT content independently of the CNT type with maximum rise of ca. 30°C for T 5% and of 10°C for T max at 3wt.% loading.
The protection action of nanotubes can be attributed to a barrier effect (very similar to that observed for nanoclays in other systems [25] ), implying a hindered transport of polymer degradation products from the condensed to the gas phase. Even at very low CNT concentration (1%) we observed an effective shielding action played by the CNT network, which improved with the CNT content (ΔT max = 7 °C). -396  448  249  318  DWNT  1  411  451  277  378  MWNT  1  411  451  277  402  DWNT  3  423  458  301  393 (412)  MWNT  3  428  458  290  413  DWNT-COOH  1  407  452  256  364  MWNT-COOH  1  396  448  249  325  DWNT-COOH  3  421  456  282  391  MWNT-COOH  3  415  453  267  383 In the presence of oxygen, PP undergoes the radical peroxidation chain process starting at relatively low temperature (<100 °C) [24] . Above 200 °C radical chain thermal volatilization is initiated by H abstraction from PP by oxygen [24] . Detectable volatilization in TGA begins at 250 °C (T 5% ) and is completed before the temperature for the initiation of pure thermal degradation process is reached (396 °C, Figure 7 (b), dotted line) with T max at 318 °C (Table 3 ).
In air, the degradation pattern of the composites appears more complex as they behave very differently, depending on the nanotube chemical nature and loading, accounting for a wide range of degradation temperatures, much larger than in nitrogen (maximum ΔT max (N 2 ) = 10 °C, ΔT max (air) = 95 °C). Nanotubes were proven to be efficient anti oxidant for PP [26] and in the work presented here a larger effect is observed for MWNT as compared to DWNT, with a strong modification of the weight loss rate of PP if compared to the unfilled polymer. Indeed, Figure 7b shows that, with increasing CNT concentration, the asymmetric derivative curve of PP weight loss is progressively modified in a two step process curve (shoulder and peak: 1wt.% MWNT or two peaks: 3wt.% DWNT). The process occurring at high temperatures overwhelms the low temperature one at 3wt.% MWNT loading. These behaviours can be explained assuming that, in accordance with what already described in nitrogen, a protective layer is formed on heating which abruptly collapses under temperature and oxygen actions. We must underline that this collapse is thought to be only physical as the thermoxidative degradation of the nanotube network takes place at higher temperatures ( Figure 7 , insert, particularly evident of the 3wt.% loaded samples). This protective layer, which prevents polymer ablation and acts as a barrier towards oxygen, improves its efficiency when increasing CNT concentration, in a way notably dependent on the CNT nature especially at the lower temperatures.
Isothermal curves of Figure 8a show that at 300 °C the rate of PP weight loss, which leads to complete volatilization of the polymer in less than 10 minutes (not shown in the figure) , is strongly slowed down in the presence of CNTs. In the case of DWNTs the rate of PP volatilization rapidly drops with time as expected when an effective protective surface is built upon polymer ablation whereas, MWNTs show a lower effectiveness in protecting the polymer. Indeed, a larger rate of weight loss is reached before MWNT could shield PP from oxygen (figure 8a), reducing its rate of volatilization. Furthermore, protection repeatedly fails and resumes resulting in a number of relative maxima in the rate curve, which are not reproducible owing to the irregularity of the MWNT reorganization process into a barrier structure. The Time (min) difference in protective action between DWNT and MWNT can be due to a larger specific area of DWNTs as compared to MWNTs, leading to a quicker coverage of the polymer exposed surface when both types of CNTs are present at the same weight loading.
The difference in rate of weight loss between DWNTs and MWNTs decreases with increasing the temperature (350 °C, Figure 8b ) and both curves show an irregular shape at this temperature.
It is indeed evident how at the lower temperature the protective effect of DWNT is much more relevant, the mass loss rate being much higher in the case of MWNT. After 100 min heating, the residue of PP + 3%DWNT is 54% and that of PP + 3%MWNT is 9%. The matrix containing DWNT degrades in a single continuous step while three different weight losses are occurring at the same temperature in the matrix loaded with MWNT (Figure 8(a), derivative curves) . The sole degradation that can be reckoned in the DWNT containing sample is coincident (in terms of time to peak maximum in the derivative curve) with the first of the MWNT loaded one, thus confirming the more relevant protection effect induced by DWNT from the early beginning of the process as they prevent the matrix from undergoing to the successive degradation steps. When the temperature is raised to 350 °C, the difference in the weight loss rate is diminished and an abrupt increase of such rate occurs after ca. 40 minutes in the DWNT containing composite leaving the same residue at the end of the analysis in both cases. This aspect is well evidenced by the derivative curves: at the beginning of the degradation (up to 20-25 minutes) the curves are similar in shape; an abrupt acceleration takes place in the MWNT loaded sample (evidenced by a sharp peak after 25 minutes) which determines the complete degradation of the material. A similar behaviour is noticed for the DWNT loaded sample delayed however to 40 minutes after the beginning of the degradation process.
This is again well in-line with the hypothesis of a structured protective layer, particularly evident in the case of the DWNT loaded sample, which, when the temperature is high enough (both in programmed and in isothermal heating) is destroyed.
The effectiveness of CNT as PP stabilizers in air is extremely significant even at the low loadings reported in this paper as with a 3wt% loading degradation temperatures similar to those of PP in nitrogen are observed (Figure 7 (b) dotted line) with a T max +95 °C with respect to pure PP in air, implying that a barrier role of CNT towards oxygen is effectively played.
We could correlate the different behaviour of DWNT and MWNT to their miscibility with PP: MWNT could have a lower propensity to form a protective network under polymer degradation due to their poorer compatibility with the polymer with respect to DWNT (Figures 1 and 2 ).
As far as carboxy group functionalized CNTs the 1wt.% loading does not bring changes in the degradation temperatures of PP in nitrogen (Figure 9 (a), Table 3 ) and in general the overall improvements in the thermal and thermoxidative behaviour of PP are not as relevant as those observed with pristine CNT. The possible reason for this could be the worst dispersion of CNT-COOH ( Figures 3 and 4) in the polymer matrix.
Conclusions
In this paper a survey on PP carbon nanotube based composites properties was presented; the influence of nanotube diameter (MWNT and DWNT) and functionalization was taken into account. Particular relevance was given to morphology and thermal aspects. CNTs were found to induce a (040) preferential orientation of PP chains and to nucleate PP crystallinity. Despite a modest degree of dispersion, CNTs were found to increase the weight loss temperature both in nitrogen and in air. With respect to this aspect the less promising materials were found to be -COOH functionalized nanotubes, probably because their lower ability in forming the network which is pointed out as being responsible for the protection mechanism.
Materials and methods
Polypropylene was a homopolymer obtained (Moplen HP400R) from Basell (Italy). Purified double wall (DWNT) and multi wall nanotubes were supplied by Nanocyl (Belgium). DWNT are characterized by an average diameter of 2,6 nm while MWNT have diameter in the range of 10 nm. These purified nanotubes contained up to 0,2% of metal residues.
Functional DWNT and MWNT were also used, having on the surface carboxy groups (prepared by proprietary methods, average functional group content as determined by XPS analysis: ca. 4 wt.%).
Composites were prepared loading 1 and 3wt.% of nanotubes in a Brabender internal mixer W50E at 180 °C and 60 rpm.
X-Ray (WAXRD) diffraction patterns were obtained on a ARL XTRA48 diffractometer using Cu Kα radiation (λ=1,54062 Å) on compression moulded 1 mm thick specimens.
Scanning Electron Microscopy (SEM) imaging was performed on a LEO 1450 VP instrument on cryogenic fracture surfaces.
Differential Scanning Calorimetry (DSC) analyses were run using a TA Q1000 instrument in hermetic aluminium pans, under nitrogen flow (50 ml/min). Except when differently indicated, heating rate was 10 °C/min from 30 to 250 °C performing three successive runs (heating-cooling-heating), on ca. 4 mg pelletized samples. The crystallization temperature (T c ) was evaluated as the maximum of the crystallization peak and the degree of crystallization was calculated from the peak enthalpy area normalized to the actual polymer weight fraction according to: where ΔH m is the melting enthalpy (calculated as the area under the melting peak of the second heating cycle), ΔH f is the theoretical melting enthalpy for PP (equal to 165 J/g [15] ) and α is the filler mass fraction. Crystallization temperature was measured within a ±0.5°C tolerance. Thermogravimetry (TGA) was performed on a TA Q 500 instrument, on ca. 10 mg samples, in Platinum pans, with gas fluxes of 60 ml/min for sample gas (nitrogen or air), and 40 ml/min for balance protection gas (nitrogen) on heating, except when differently indicated, at 10 °C/min between 50 and 800 °C. T 5% was defined as the temperature at 5% of weight loss and T max as the maximum weight loss rate temperature (i.e. derivative TGA, peak temperature). T 5% and T max were measured within a ±3°C tolerance.
For comparison, characterizations were also performed on pure PP treated in the same way as the composites.
